Toward delineation of changes in total lactate dehydrogenase (LDH) and in the distribution of LDH isoenzymes as assessed by polyacrylamide disc electrophoresis, we incubated human and rat sera with various agents, notably sulfhydryl compounds. Although artefacts were apparent when these agents were used without preliminary adjustment of pH, we saw little alteration in total unitage when one or two volumes of serum was mixed with one volume of any of several thiols, especially penicillamine, at an initial concentration of 0.4 mol/liter and pH 7.0-7.5. Under these conditions, penicillamine caused a loss in LDH-5 after incubation for 1 h at 25 #{176}C together with small decreases in mobility of the other four isoenzymes toward the anode. A zymosan region appeared below the albumin and tracking dye area. With longer periods of incubation of rat serum with penicillamine or a-mercaptosuccinate, a novel band in the zymogram was noted just above the LDH-4 peak. The observations are discussed in terms of allosteric effectors.
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In early studies designed to demonstrate that the LDH molecule as a single gene product exists in five different forms, each with its characteristic net charge, Apella and Markert (1) treated purified preparations of single isoenzymes with various protein-disruptive agents such as guanidine hydrochloride, urea, detergents, and acidic solutions. Activity was lost in each instance and on removal of the respective agents, the molecules did not recombine to yield the five isoenzymes. Dissociation had occurred into subunits of equal size, as demonstrated by sedimentation rates, and these denatured components, even though they lacked enzymic activity, could be separated by electrophoresis on acrylamide gels and located by means of protein stains. In general, the separation of subunits is difficult without irreversible denaturation, and the problem was resolved to some extent by the freeze-thaw technique of Markert (2) . This hybridization method has been applied widely and the mechanism by which association and recombination of LDH monomers take place in vitro has been investigated by Chilson et al. (3) . The hybridization apparently involves conformational changes that occur as a result of increased salt and protein concentration and, possibly, of decreased pH near the eutectic point. The presence of NAD+ appears to be essential for maximal activity to be recovered after association and recombination (4) . The earlier pertinent reports are reviewed in several treatises (5, 6) .
The present study was undertaken with the view of determining whether disproportionation of the LDH isoenzymes occurs in the presence of sulfhydryl compounds. In previous reports, the effect on sulfhydryldependent enzymes of such agents as thioglycolate was ascertained and found to have little influence on the total LDH (7, 8) .
We have examined the action of such derivatives, especially penicillamine, on the distribution of the isoenzymes. The approach was predicated by earlier findings that mercapto compounds such as mercaptoethanol cause depolymerization of macroglobulins with the formation of smaller aggregates, with repolymerization ensuing on removal of the agent (9, 10) . Fritz and Jacobson (11) reported that the five bands of enzyme activity with mouse tissue extracts could be split into 15 bands on polyacrylamide electrophoresis in gels containing 2-mercaptoethanol, 4 mmol/liter. This finding is not easily explained by the present subunit hypothesis. The existence of multiple sub-bands has been demonstrated by others (5, (12) (13) (14) (15) (16) (17) . several being cases of hepatitis. Because of its high LDH-5 content, serum was also processed from Charles River male rats, the blood being removed by cardiac puncture. Solutions of the mercapto compounds were prepared freshly each day, the pH being adjusted to 7.2 with dilute sodium hydroxide. In several pilot runs, the test agents were used as such, without change of pH. The solution of penicillamine in water or isotonic saline was facilitated by the use of a vortex-type mixer, which obviated the need for prolonged steeping at room temperature as done by others (9) . The usual initial concentration of the sulfhydryl compounds was 0.4 mol/liter; in the case of penicillamine it was 60 g/liter.
Materials and Methods

Results
LDH (EC 1.1.1.27) activity was measured by the procedure of Wroblewski and LaDue (18) , the rate of NADH oxidation being followed spectrophotometrically at 340 nm. The change in absorbance was calculated in IUB milliunits (mU) of LDH per milliliter of test sample at 30 #{176}C.
For the determination of LDH isoenzymes, the procedure of Dietz et al. (19, 20) liter) was applied; and in several cases, a 55 g/liter gel was used. It was introduced into the glass tubes to a height of 42 mm and allowed to polymerize under water. After polymerization had occurred (generally in about 30 mm) the water was removed, the gels blotted, and the samples placed above the gels, followed by sucrose (400 g/liter). The total volume (sample plus sucrose solution) was maintained at 40 j.d. The test solution/sucrose layers were covered with 0.2 ml of freshly prepared 70 g/ liter gel solution under a layer of electrophoresis buffer mixture. When the solution had gelled, the tubes were rapidly placed in the grommets of the Canalco cell. A total of 600 ml of buffer was added to the anode section and 200 ml of buffer along with 2 ml of bromphenol blue (10 g/liter solution) to the cathode section. Electrophoresis was conducted at 5 #{176}C at 50 V and 2.5 mA per tube until the purple free-dye bands had migrated to within a few millimeters of the ends of the tubes, generally within 1 h. In some instances, the duration was 30 mm or shorter. At the end of the run, the gels were removed from the tubes, stained for LDH at 37 #{176}C, rinsed with water, and preserved in tubes containing dilute acetic acid (7.5 ml/dl) and stored in the dark at 4 #{176}C. Where necessary, the patterns were quantitated by scanning in a densitometer at 580 nm. Figure 1 shows the progressive migration of the respective bands with time of electrophoresis of human and rat serum incubated previously for 1 h with saline or penicillamine.
The final zymograms for the penicillamine-treated gels lacked LDH-5 in either case, the latter isoenzyme being very sparse in the control human serum. Representative isoenzyme data are illustrated in Table 1 for seven human sera, one from a patient with a recent coronary infarct (total LDH activity: 586 U/ liter) and for a rat-serum pool. We incubated the control and penicillammne/serum mixture for 1 h and at a higher ABCDE FGHI J (37 #{176}C), except for one series with the rat serum where a 6-h period was also investigated.
The distribution of LDH-1 to LDH-4 in the penicillaminetreated mixtures appeared to match that in the control human sera, as was also the case of the gels from the rat serum pool compared with the redistributed control values after the very high LDH-5 content was omitted from the calculations. Considerable difficulty was experienced with the incubation and electrophoresis of some sera with high LDH-5, from patients with liver pathology. Aside from the extensive bilirubinemia, several of the penicillamine-containing mixtures were very viscous. In general, the total LDH activity used was 100-250 U/liter for human serum, 2400-2800 U/liter for the rat serum pools. The final pH of the thiol/serum systems ranged up to 7.4.
Effect of Storage of Rat Serum with DL-
Penicillamine
and r-Mercaptosuccinate for Prolonged Periods at 25 #{176}C
Rat serum pool 29 was mixed with either mercaptosuccinate or DL-penicillamine, two volumes of serum per volume of test agent (0.4 mol/liter), the pH of the latter being adjusted to 7.2. The two mixtures, as well as the serum/saline control, were incubated at 25 #{176}C for 96 h, aliquots being removed at 24-h intervals for total LDH assay and electrophoresis.
The total unitage was not altered over this time, but when mixtures incubated for 96 h were treated with freshly prepared mercapto-salt (0.4 mol/liter) at two volumes of "spent" solution/one volume of fresh mixture or saline and total enzyme ascertained after 1 h at 25 #{176}C, we saw small decreases only with the serum/mercaptosuccinate system. There were definite changes in the above zymograms. At 24 h, LDH-5 was absent in both mercapto-compound solutions, and at 48 h a new and discrete band was present in the penicillamine/serum gel, located just ahead of LDH-4. Mercaptosuccinate/serum produced a poorly defined band in this area, but it became sharper at 72 h and was displaced further toward the cathode, in contrast to the penicillamine/serum gel. At 96 h, the discrete bands for the two thiol-containing solutions were slower than LDH-4 and the other isoenzymes showed changes in RF. With the reincubated penicillamine/serum system, two bands were observed in the LDH-5 region, but such fine structure was absent in the Control Control C Penicillamine DL-Penicillamine (0.4 mol/liter; pH 7.2) at 37 #{176}Ca
Human serum (6 corresponding mercaptosuccinate mixture. The control pattern underwent little change during the entire period. The findings were similar with four other pooled rat sera but we saw some differences in the relation between time of incubation and emergence of the discrete band. The above changes were more consistent with the penicillamine/serum mixtures. With several other mercapto-compounds screened, a few exploratory runs have revealed the presence of this zone in low intensity after incubation of 2-mercaptoethanol at 0.4 mol/liter with rat serum for 24-48 h. The occurrence of the band ahead of LDH-4 can be noted in Figure 2 .
Some disc-electrophoretic alterations were also observed when similar serum/penicillamine mixtures were stored at lower temperatures.
Thus, when such a solution was stored 14 days at -25 #{176}C and then allowed to thaw slowly at 25 #{176}C, there was, as expected, no change in total LDH, but the gel showed two new but light bands ahead of LDH-4. LDH-5 was absent and the RF values for LDH-1 to LDH-4, inclusive, were shifted toward the cathode.
Re-electrophoresis of Cuts from Gels Obtained from Penicillamine/Serum Mixtures Gels at concentrations of 55 or 70 g/liter were prepared and the mixtures of serum and penicillamine electrophoresed after incubation at 25 #{176}C for 1 h. Several of the gels were stained to locate the highly mobile zymosan region and, with these as reference, the unstained gels were cut, the requisite portions placed on fresh gel, layered over with 40 il of sucrose (400 g/liter), and electrophoresed.
The resulting stained gels showed no band splitting; the high mobility toward the anode persisted.
DIscussIon
We examined the effect of sulfhydryl groups on the LDH system because of their importance as cofactors in metabolism, coupled with the fact that LDH is sulfhydryl-dependent.
Also, several agents such as 2-mercaptoethanol and penicillamine cause macroglobulin depolymerization (9, 10) , and so a study of their action on a multiple enzyme system appeared to be attractive.
However, treatment of sera with several of the thiols and other agents as such led to changes in the respective zymograms, with drastic decrease in the total enzyme content. When the pH of the test mixtures was increased to 7.0-7.5, fewer such effects were noted. It must be pointed out that artefacts are possible at the nonoptimal pH ranges and accordingly, a number of reports on LDH total unitage and zymograms suffer from these drawbacks. Of several thiols, penicillamine was unique in its activity after incubation (1 volume with 2 volumes of serum) for 1 h at 25 #{176}C: the LDH-5 band disappeared from the zymogram, the RF of the remaining isoenzymes were altered, and a zymosan-stained area appeared under the tracking dye region (Figure 1) . The alterations occurred rather rapidly, in contrast to the action of the agent in depolymerizing macroglobulins, which requires 24-h incubation (10) . Our findings are in harmony with those of Gelderman and Peacock (21) , who separated LDH-5 into two protein fractions in the presence of 2-mercaptoethanol by sucrose density-gradient sedimentation and chromatography on Sephadex, one of which possessed activity.
The differences we saw for the LDH isoenzymes in the presence of thiol appear to correlate with existing metabolic concepts pertaining to this system. Of the five isoenzymes, extensive work has centered about LDH-1 and LDH-5. The two types of units, H and M (or A and B) are responsible for the differences in the component isoenzymes, especially in regard to the degree to which they are inhibited by pyruvate. Fritz (22) showed that LDH-5 from rabbit skeletal muscle is a regulatory enzyme and an allosteric protein, while LDH-1 is neither. A property of such regulatory enzymes, among others, is that they can undergo conformational changes in the presence of effectors. The latter, which can be activators or inhibitors, can bind to the enzyme at a site distinct from the active one.
In view of the above differences between LDH-1 and LDH-5, we think that penicillamine may act as an allosteric effector and bind to the enzyme at a noncatalytic site, thus exerting conformational alterations in the secondary and tertiary structural attributes but without affecting the total LDH activity. Studies of reaction kinetics would be invaluable for further delineation of this mechanism.
Another possible explanation for the activity of this thiol is that it may modify the molecular-sieving characteristics of the acrylamide gel, causing a change in isoenzyme mobility. The observed effect, at any rate, may not be unique with all thiols tested and must reside in a type of reactivity or effector property not applicable to the sulfhydryl group exclusively. However, the latter does figure to a certain extent, considering that the disulfide of this amine is inactive.
It must be emphasized that the large formazan area below the tracking dye on electrophoresis of serum/ penicillamine mixtures is due to LDH. Omission of lactate from the staining solution resulted in no coloration whatsoever.
Furthermore, although re-electrophoresis of the lower gel fragments led to the same diffuse pattern, other approaches might be explored, such as use of longer gel columns coupled with greater variability in pore size.
The findings with serum incubated for much longer periods with thiols such as penicillamine and a-mercaptosuccinate are worthy of comment. For this purpose, we used rat serum, because human sera of high LDH-5 and from patients with liver pathology often gave rise to very viscous mixtures on incubation with thiols. Although LDH-5 was the first of the isoenzymes removed, the LDH-4 band became less prominent with time, as did LDH-3 after 96 h of incubation. A new band originated with the incubated mixtures, more mobile than LDH-4. Can this entity account for the missing and diminished peaks or does it represent a higher polymer? Certainly, further work on this is indicated. A similar band was also produced by rat serum and 2-mercaptoethanol after a shorter incubation (24 h), but the lower zymosan-stained area of the gel was of weak intensity. Fine structure or band splitting was noted in the polyacrylamide gel from serum plus penicillamine at 96 h on treatment with a fresh solution of the thiol. The lability of LDH-5 can pose a problem to its assay, especially with sera of the human and animal species in which it occurs in relatively low proportions.
The present study was facilitated by the use of sources very high in this isoenzyme, which served as convenient starting materials toward elucidation of unusual zymogram changes. This approach may furnish a tool with which to further explore or amplify findings with specimens in which LDH-5 occurs in "trace" amounts.
The current procedures have application to the investigation of regulatory enzymes or allosteric proteins in other multiple-enzyme systems. Thus, a study of the isoenzymes of creatine kinase might be timely, the batch fractionation of the isoenzymes with such thiols as 2-mercaptoethanol having been advanced by Morin (23) . Incidentally, earlier studies have demonstrated that sulfhydryl agents are inhibitory to alkaline phosphatase (24) .
